this may be because of the difficulty in detecting cluster mutations in organisms that produce small numbers of offspring per generation.
As stressed by Chambers and MacAvoy (2000) , ''a clear knowledge of the process of mutational change at microsatellite loci is imperative for the correct selection of theoretical models upon which statistical methods can be based'' however, a knowledge of mutation dynamics requires more information than is typically available. In particular, a lack of inheritance data often precludes direct evaluation of the markers used in population studies. However, this is not the case for many salmonid fishes that are commonly raised in hatcheries and for which many microsatellite markers have been developed (e.g., Scribner, Gust, and Fields 1996; Olsen, Bentzen, and Seeb 1998; Banks et al. 1999) . In this paper, we examine the transmission of nine microsatellite loci in 50 families to evaluate the dynamics of microsatellite mutations in pink salmon (Oncorhyncus gorbuscha).
We raised families of pink salmon by randomly pairing mature adults collected in Resurrection Bay, Alaska. We collected embryos from each of the families after eye pigment became apparent in the embryo. We extracted DNA from the embryos and fin clips taken from adults using the Puregene DNA isolation kit (Gentra Systems Inc., Minneapolis, Minn.). We amplified microsatellites using primers for salmonid fishes developed in other laboratories: OGO1c and OGO8 (Ogo1c and Ogo8, Olsen, Bentzen, and Seeb 1998) ; OMY301 (Omy301UoG, R. Danzmann, personal communication); OMYRGT6-1,2 (OmyTRG6/I,iiTUF, N. Okamoto, personal communication); ONE3 (One3, Scribner, Gust, and Fields 1996) ; OTS1 (Ots1, Banks et al. 1999); SSA20.19-1,2 (-20.19*, Sanchez et al. 1996); and SSA408 (Ssa408, M. Cairney, personal communication) . We used fluorescent primers and followed the PCR conditions recommended by the original authors. We visualized PCR products with a Hitachi FMBIO-100 or FMBIO II fluorescent imager after electrophoresis in 4.5% denaturing polyacrylamide gels. We scored alleles relative to commercial size standards (BioVentures, Inc.).
For the seven loci isolated from species other than pink salmon, we determined the repeat arrays in pink salmon by sequencing at least one allele. If multiple products were produced in the PCR reaction, we isolated bands in 3%-4% agarose gels. We then either purified and sequenced the bands or reamplified, purified, and sequenced them with both the forward and reverse primers. We purified PCR products with Qiaquick columns (Qiagen) following the supplier's protocol. Direct sequencing of PCR products was performed by a commercial laboratory. We did not sequence alleles from the two loci that were developed from pink salmon (OGO1c and OGO8).
We initially genotyped parents and 10 progeny from each of the 50 families. Alleles present in progeny that were not present in either of that individual's parents were considered to be mutants after confirming that correct parentage could be assigned at the other loci. The progenitor of the mutant allele was assumed to be the parental allele that was closest in size to the mutant allele. Because we detected multiple mutations at SSA408 in progeny from two of the families (98-23 and 98-26) in the initial analysis, we analyzed all the remaining embryos available from these families (38 and 40 embryos, respectively). To increase our sample size, we also genotyped 36 additional progeny from each of the five randomly selected families. Our sequence analysis of alleles at six of the seven loci originally developed from other salmonids confirmed that these markers comprise similar microsatellites in pink salmon (table 1). The one exception (OMYRGT6-1,2) is a duplicated locus that was reported as a CA repeat in rainbow trout (Oncorhynchus mykiss, Sakamoto et al. 2000 , table 1). In pink salmon, PCR amplifications using OMYRGT6-1,2 primers consistently produced a smaller band that is present in all individuals as well as larger polymorphic bands that segregated after Mendelian inheritance. The polymorphic OMYRGT6-1,2 locus in pink salmon contains a CACT repeat array, and the smaller monomorphic locus contains the short interrupted repeat (CA) 7 -TA-(CA) 2 (table 1). The flanking sequences of the rainbow trout CA repeat and the pink salmon CA and CACT repeats can be readily aligned, suggesting that OMYRGT6-1 and OMYRGT6-2 have evolved two different microsatellite arrays. In the rainbow trout, the two copies of OMYRGT6-1,2 map to different linkage groups (Sakamoto et al. 2000) . However, whether these loci comprise different microsatellite arrays in the rainbow trout has not been determined (T. Sakamoto, personal communication).
We detected mutations only at the two loci that have the greatest number of alleles in the parental population (OGO1c and SSA408, table 1). Both these loci are composed of tetranucleotide repeats, whereas the other seven loci comprise a mixture of simple and interrupted dinucleotide repeats (table 1) . These data are consistent with the findings of other studies, suggesting that tetranucleotide repeats have higher mutation rates than dinucleotide repeats (Weber and Wong 1993; Lee et al. 1999; Ellegren 2000a Ellegren , 2000b . However, mutation rates can also depend on allele size (e.g., Schlotterer et al. 1998) ; the relative importance of repeat motif versus allele size on mutation rates at these nine loci is not known. In total, 24 of the 758 progeny analyzed had genotypes best explained as resulting from mutation events. Five of the mutations were at OGO1c and 19 were at SSA408 (table 2). All these progeny had genotypes at all the other loci that were consistent with their parents. In addition, the second allele at the locus containing the putative mutation was shared with one parent (table 2) .
At SSA408 in the family 98-26, the 320-bp mutant allele was transmitted to 9 of the 50 embryos, and in the family 98-23, the 370-bp mutant allele was transmitted to 4 of the 48 embryos (table 2). These clusters of identical mutations suggest that many novel alleles 
a The most likely progenitor of the mutant allele (selected on the basis of size similarity) is underlined. b The mutant allele is indicated by bold-face type, and the number of each mutant genotype observed is indicated (n). c The number in parenthesis is the number of mutation events inferred, assuming that multiple copies of the same mutant allele within a family resulted from a single mutation event.
that appear in a population may reflect mutations that occurred quite early in development. In sexually reproducing animals, gametes develop from primordial germ cells (PGCs) that differentiate from the somatic cells during the first several divisions in the developing zygote. These cells eventually migrate to the area of gonadial development where the germ cells are produced. The number of PGCs produced varies among organisms (see review by Matova and Cooley 2001) .
In zebrafish (Danio rerio), researchers combining morphological and mRNA expression studies using germ line markers have recently determined that by the 5-somite (32-cell) stage and until about the 1,000-cell stage, there are four PGCs (Braat et al. 1999) . During their migration toward the gonads, the four PGCs give rise to a total of 20-30 cells that populate the gonad and differentiate into germ cells (Braat et al. 1999) . If a mutation occurs in one of the original four PGCs (and there is no attrition of cell lines), approximately one out of eight (12.5%) of the progeny should inherit the mutant allele. If gametogenesis is similar in pink salmon, our findings of 9 identical mutant alleles out of the 50 transmitted maternally (18%) in family 98-26 and 4 of the 46 identical mutant alleles (8.7%) transmitted paternally in family 98-23 suggest that each of these mutations likely occurred either in one of the four PGCs or in the subsequent one or two generations of cells that populated the gonad.
The occurrence of clustered mutations results in nonuniform distributions of novel alleles in a population which could influence interpretations of mutation rates and patterns as well as estimates of genetic population structure. For example, Woodruff, Huai, and Thompson (1996) have shown that mutant alleles that are a part of clusters are more likely to persist and be fixed in a population than mutant alleles entering the population independently. In the present study, 15 of the 24 mutant alleles detected at SSA408 (54%) apparently resulted from premeiotic mutations. Jones et al. (1999) similarly found that a high proportion (40%) of new mutants observed in pipefish occurred in clusters.
We estimated mutation rates by counting each mutant allele detected as one mutation, regardless of whether the allele appeared to be part of a mutational cluster. However, we only included randomly selected individuals in this analysis (i.e., we eliminated the 78 additional progeny from families 98-23 and 98-26 that we analyzed because we had detected multiple mutations in our initial analysis). The remaining 11 mutations in 1,300 transmissions at SSA408 and 5 mutations in 1,278 transmissions at OGO1c yield mutation rate estimates of 0.0085 (0.0042-0.0151) and 0.0039 (0.0013-0.0091) mutations per gamete, respectively, with the numbers in parentheses being the 95% Poisson confidence intervals. We did not detect mutations at any of the other seven loci; the upper 95% confidence limit using a Poisson distribution for detecting zero mutations in 1,300 transmissions is 0.0028. The proportion of mutations observed varied significantly among the nine loci (contingency chi-square, P Ͻ 0.001). However, our mutation rate estimates for all the loci are within the range reported for other organisms (see Ellegren 2000b, table 1) .
All the mutations detected were size changes of four bases (table 2) which is consistent with single-step addition or deletion mutations at both SSA408 and OGO1c. Determining to what degree our data reflect a tendency for mutations to result in size increases or decreases depends on how mutations are counted. If all mutations are treated as single events, 17 mutations at SSA408 reflected size increases and two reflected size decreases (table 2) . Similarly, two mutations detected at OGO1c resulted in size increases and three resulted in size decreases (table 2) . Alternatively, treating all within-family clusters of the same mutant allele as single mutations that were propagated during gametogenesis reduces the number of size increases at SSA408 to six and size decreases to one (table 2) . Similarly, because two of the progeny in family 98-71 share the same mutation at OGO1c, the number of size decreases would be two rather than three (table 2) .
Is the SMM appropriate for pink salmon microsatellites? All 11 of the unique mutations detected in this study were consistent with the addition or deletion of a single repeat unit, which is in accordance with the SMM. Furthermore, our data reflect a high incidence of homoplasy, as 7 of the 11 different mutant alleles detected were alleles already present in other families in this study (E. K. Steinberg et al., unpublished data). Because SMM-based estimators assume that alleles of similar sizes are related, these estimators are expected to be more accurate in the presence of size homoplasy than estimators that assume all mutations are independent and result in novel alleles (Estoup and Angers 1998) . These findings suggest that genetic differentiation estimators based on the SMM would be appropriate. However, we also detected a tendency toward size increases in mutant alleles. Estoup and Angers (1998) recommend comparing results from estimators based on different underlying mutational models for concordance because it is not clear how different types of mutational biases affect SMM-based estimators. Given our findings, we agree with this recommendation.
The duplicated locus OMYRGT6-1,2 apparently comprises two different microsatellite arrays in pink salmon. In rainbow trout, the two copies of this duplicated locus map to different linkage groups (Sakamoto et al. 2000) . However, whether these loci comprise different microsatellite arrays in rainbow trout has not been analyzed (T. Sakamoto, personal communication) . It would be informative to compare the sequences of OMYRGT6-1 and OMYRGT6-2 in rainbow trout, as well as other salmonid fishes, to study the evolution of these two divergent paralogous microsatellite loci. Salmonid fishes have undergone extensive gene duplication compared with other organisms, having diverged from a tetraploid ancestor approximately 25-50 MYA (Allendorf and Thorgaard 1984) . Given the prevalence of duplicated loci in salmonid fishes, these organisms may provide an exceptional opportunity to use comparative approaches to study the molecular evolution of microsatellites.
In conclusion, we found evidence for heterogeneity in the rates and patterns of mutation among loci, suggesting that no single model will likely represent the complexity underlying the evolutionary dynamics of microsatellites. Our findings add to the evidence in support of the argument made by Woodruff, Huai, and Thompson (1996) that the occurrence of premeiotic cluster mutations may play an important role in the evolutionary dynamics of microsatellites. Finally, our identification of duplicated microsatellite loci comprising different repeat arrays indicates that the use of comparative analysis to study mutation dynamics (e.g., Amos 1999) could be misleading if the duplication is not detected.
